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Objective: Prior studies suggest that ligament and meniscus tears cause osteoarthritis (OA) when
changes in joint kinematics bring underused and underprepared regions of cartilage into contact. This
study aims to test the hypothesis that material and tribological properties vary throughout the joint
according to the local mechanical environment.
Method: The local tribological and material properties of bovine stiﬂe cartilage (N ¼ 10 joints with 20
samples per joint) were characterized under physiologically consistent contact stress and ﬂuid pressure
conditions.
Results: Overall, cartilage from the bovine stiﬂe had an equilibrium contact modulus of
Ec0¼ 0.62± 0.10MPa, a tensilemodulus of Et¼ 4.3±0.7MPa, and apermeabilityof k¼ 2.8±0.9103mm4/
Ns. During sliding, the cartilage had an effective friction coefﬁcient of meff ¼ 0.024 ± 0.004, an effective
contact modulus of Ec ¼ 3.9 ± 0.7 MPa and a ﬂuid load fraction of F0 ¼ 0.81 ± 0.03. Tibial cartilage exhibited
signiﬁcantly poorer material and tribological properties than femoral cartilage. Statistically signiﬁcant dif-
ferences were also detected across the femoral condyle and tibial plateau. The central femoral condyle
exhibited the most favorable properties while the uncovered tibial plateau exhibited the least favorable
properties.
Conclusions: Our ﬁndings support a previous hypothesis that altered loading patterns can cause OA by
overloading underprepared regions. They also help explain why damage to the tibial plateau often
precedes damage to the mating femoral condyle following joint injury in animal models. Because the
variations are driven by fundamental biological processes, we anticipate similar variations in the human
knee, which could explain the OA risk associated with ligament and meniscus tears.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Anterior cruciate ligament (ACL) ruptures andmeniscal tears are
among the known risk factors for osteoarthritis (OA). The increased
risk of OA under these conditions has been attributed to altered
joint kinematics, which includes increased stresses, abnormal
motions, unfavorable muscle adaptations, and new cartilage con-
tact patterns1,2. Andriacchi et al. found that ACL deﬁciency in
humans causes a shift in contact location2. They hypothesize that
these kinematic shifts can initiate OA when they initiate contact ino: D.L. Burris, Dept. of Me-
, DE 19716, United States. Tel:
ternational. Published by Elsevier Lareas that are unaccustomed to or otherwise functionally under-
prepared for normal tribological contact stresses; we call this the
‘altered loading’ hypothesis hereon. Previous animal model studies
appear to support this hypothesis. Bendele, for example, found that
medial meniscus transection in a rat model caused nearly imme-
diate ﬁbrillation on the tibial plateau3, but had no damaging effect
on the mating condylar cartilage until far later in disease progres-
sion. This observation suggests that the two tissues respond
differently to the same tribological stresses. Furthermore, damage
consistently occurred at a speciﬁc location (outer third of the sur-
face). This suggests that the region normally covered by meniscus
may be functionally underprepared compared to areas that contact
the femoral condyle in a healthy joint.
Several studies have demonstrated that properties of cartilage
vary systematically. Ebara et al. showed that the tensile stiffness of
bovine humeral cartilagewas signiﬁcantly higher than that of bovinetd. All rights reserved.
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human cartilage was higher for the patellar groove than the femoral
condyle5 while Mow et al. showed that the aggregate modulus of
bovine cartilage was higher on the lateral condyle than on the
patellar groove6. Others have shown that cartilage properties,
namely thickness, vary systematically across a single surface in the
human knee. Generally, the regions of highest contact pressures7
and direct cartilageecartilage contact (as opposed to interposed
meniscus)6,8,9 are thickest. The cartilage shielded by the meniscus is
correspondingly thinner and has a higher aggregate modulus than
the cartilage not shielded by meniscus6. These results indicate that
properties reﬂect the local mechanical spectrum in the healthy joint
and support the altered loading hypothesis of OA2.
Despite strong evidence that material properties of cartilage vary
in response to the local mechanical environment of the healthy joint,
there is no direct experimental evidence to suggest that tribological
properties vary concurrently. In fact, most studies of tribological
properties do not report the sample extraction location from the
surface of interest10e12, which implies location-independence. It is
known, however, that interstitial lubrication depends on biphasic
material properties13. For example, Ateshian and Wang14 and Li
et al.15 used biphasic theory to show that thickness and aggregate
modulus should theoretically affect tribological function. It is
therefore reasonable to expect that tribological properties also vary
according to the local mechanical environment of the healthy joint.
Although location-speciﬁc tribological properties have signiﬁ-
cant implications for our understanding of the OA, it remains unclear
if and to what extent such variations exist. This paper aims to
establish the location-speciﬁc functional properties (ﬂuid load sup-
port, contact modulus, effective friction coefﬁcient) and material
properties (permeability, equilibrium contact modulus, tensile
modulus) of bovine stiﬂe cartilage to test the hypotheses that: (1)
functional properties vary spatially; (2) material properties vary
spatially; (3) location-speciﬁc variations in properties are consistent
with location-speciﬁc differences in the mechanical environment.
Methods
Specimen preparation
Each of the N ¼ 10 independent mature (18e24 months) bovine
stiﬂe joints used in this study was retrieved on the day ofFig. 1. Deﬁnitions of sample sites within the bovine stiﬂe and the regions classiﬁed for pu
sagittal plane view for three ﬂexion angles in which different samples experience cartilagee
The comparisons of interest are the femoral condyles vs tibial plateau, medial vs lateral, and
vs shielded tibial plateau (S) vs uncovered tibial plateau (U).butchering. Half of the freshly butchered joints (N ¼ 5) were frozen
at 80C to test for an effect of freezing. Frozen joints were thawed
overnight in ambient lab conditions prior to sample extraction.
Osteochondral plugs, 12.7 mm in diameter, were removed by a
coring saw either on the day of retrieval or after defrosting. Twenty
samples were extracted from each joint, with the locations shown
in Fig. 1. The tibial plateau was divided into shielded (by meniscus)
and uncovered regions, whereas the femoral condyle was sub-
divided based on the variations in the contact conditions during
articulation. The outer sample contacts meniscus only, the inner
contacts cartilage only, and the central contacts cartilage and
meniscus throughout full articulation. Following extraction, speci-
mens were rinsed in copious tap water to remove debris and sub-
merged in 0.15M Dulbecco's phosphate buffered saline (PBS).
Samples were stored at 2C immediately following dissection and
extraction. Because each test required several hours to complete,
each sample spent anywhere from 0 to 5 days in refrigerated
storage prior to testing. The testing order of the locations was
randomized to test for storage time effects.
Testing apparatus and functional characterization
Tribological and material properties were measured using the
custom microtribometer illustrated in Fig. 2. The vertical
loading assembly consists of a vertical piezoelectric stage
(0e250 mm ± 25 nm), which is used to indent the cartilage by a
measureable amount, and a two-directional load cell for measuring
normal and friction forces. A 3.2mmdiameter stainless steel sphere
with an average roughness of Ra < 80 nm was submerged in a PBS
bath during testing. A tilt-stage (not shown) was used to align the
surface normal at the measurement location with the z-axis of the
instrument prior to measurement. A linear translation stage
imposed the prescribed sliding conditions.
Material properties characterization
The indentation solution for a sphere on cartilage16 was chosen
for materials characterization over the traditional plane-ended
creep solution17,18 due to several important advantages: (1) it is
analytical and generally applicable without requiring master-
solution datasets or interpolation from published curves, (2) it
presents no stress concentrators that can damage tissue, thusrposes of comparison. Left: the frontal plane view of a bovine stiﬂe joint. Center: the
cartilage contact. Right: sampling locations on the femoral condyles and tibial plateau.
outer femoral condyles (O) vs central femoral condyles (C) vs inner femoral condyles (I)
Fig. 2. Illustration of the custom microtribometer used to measure the material and functional properties of bovine articular cartilage.
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probes areas and depths that are consistent with those probed
during sliding, (4) permeability ﬁts involve physiologically-
consistent combinations of ﬂuid pressures and strains (as
opposed to large strains, small ﬂuid pressures), (5) it translates
directly to tribological testing. The solution, provided in Eq. (1)16,
gives the ﬂuid load fraction (F0) as a continuous function of me-
chanical conditions (d
·
: indentation rate, R: probe radius) and ma-
terial properties (Et: tensile modulus, Ec0: equilibrium contact
modulus, k: permeability):
F 0 ¼ Et
Et þ Ec0
,
d
·
,R
d
·
,Rþ Ec0,k
(1)
The physical meaning of this equation is important. The ﬁrst term
is an asymptotic limit governed by the dimensionless modulus,
E* ¼ Et/Ec019,20. The second term describes the rate-driven approach
toward that asymptote and is governed by the Peclet number,
Pe¼ d
·
$R/(Ec0$k). Fluid load support is negligiblewhen Pe<< 1, 50% of
the asymptote when Pe ¼ 1, and at the asymptote when Pe >> 113. It
should be noted that this form of Pe is speciﬁc to Hertzian inden-
tation and not necessarily appropriate for other contact situations21.
The rate-dependent ﬂuid load fraction was measured for each
sample using indentation at nominal rates of 50, 0.5, 5, 20, and
10 mm/s; this randomized order was chosen to remove any hys-
teresis effects. The rate-dependent force-displacement curves for a
representative sample are shown in Fig. 3. Each curve was best-ﬁt
to Hertz' equation: Ec ¼ 3/4$Fn$R0.5$d1.5 (Fn: normal force and d:
deformation) to determine the effective contact modulus, Ec, as a
function of indentation rate. Following the last indent, the Z-stage
was held at 175 mm until steady-state to determine the equilibrium
contact modulus, Ec0, directly using equilibrium force andindentation depth11. The ﬂuid load fraction at each indentation rate
was calculated using the equilibrium contact modulus and effective
contact modulus: F0 ¼ (Ec  Ec0)/Ec21. The ﬂuid load fraction is
plotted for representative high and low-functioning samples as a
function of indentation rate in Fig. 3.
These data were ﬁt to Eq. (1) to determine the permeability (k)
and tensile modulus (Et) of the sample. The asymptotic limits
(Pe ¼ inf.) for the samples shown were 97% and 80%, which, by Eq.
(1), gives E* values of 32 and 4, respectively. These values are used
with the measured equilibrium contact modulus of the sample to
determine Et. Permeability, the only remaining unknown, is ﬁt
independently using the shape of the rate dependence. For illus-
tration, the ﬁlled data in Fig. 3 represent a tensile modulus of
10.9 MPa and a permeability of 0.0031 mm4/Ns. The unﬁlled data
represent a sample with a much lower tensile modulus (0.9 MPa)
but comparable permeability (0.0030 mm4/Ns).Tribological characterization
The cartilage was reconditioned by sliding the probe under load
(~100 mN) against the surface for 2 min at 5 mm/s over a 1.5 mm
long wear track. The sample was taken out of contact for ﬁve
additional minutes before initiating reciprocation (5 mm/s over
1.5 mm) and displacing the Z-stage 175 mm.
Ideally, force and indentation depth would be constant, but since
the two are related by a variable effective contact modulus, it is not
only impossible to hold both constant, but to hold either constant
causes variations in the other which exceed the measurement range
of the sensor. Holding the Z-stage constant instead damps the effects
of modulus and maintains a tighter range on both; the normal
force varied from 25 to 160 mN and the indentation depth varied
from 134 to 41 mm for the most and least compliant samples,
Fig. 3. Representative data to illustrate the characterization of material properties. Left: force verses displacement curves for nominal speeds of 50, 0.5, 5, 20, and 10 mm/s, in that
randomized order for a representative high functioning sample. Following the last indent the stage is held ﬁxed until equilibrium is reached. The equilibrium contact modulus is
obtained directly from that point and the dotted line represents the predicted Hertzian relationship between force and deformation. Right: the ﬂuid load fraction is calculated for
representative high and low functioning samples as a function of the prescribed indentation rate. The dark labels correspond to the force-displacement data on the left. The ﬁts to
the biphasic model from Moore and Burris16 are shown in red and were used to determine tissue permeability and tensile modulus.
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moted a physiologically consistent lubrication environment with
Pe >> 1, Pe ¼ Va/Ec0k13,16,21e23. The lowest Peclet number for any
sample during functional characterizationwas 100 and, according to
Eq. (1), the ﬂuid load fractionwas within 1% of the asymptotic value.
The effective friction coefﬁcient, meff, was calculated with
meff ¼ (Fxf  Fxr)/2$FZavg, where Fxf is the tangential force in the
forward direction, Fxr is the tangential force in the reverse direction,
and FZavg is the average vertical force24. In situ penetration depth (d)
measurements were used with the measured force and probe
radius to determine the effective contact modulus based on Hertz's
equation: Ec ¼ 3/4$Fn$R0.5$d1.5. The ﬂuid load fraction was
determined for each sample as described in the previous section.
Only depth and force data from the central 200 mm portion of the
track (at the indentation location) were used to determine statistics
on a cycle-by-cycle basis; this strategy eliminates transient effects
near reversals, maintains spatial speciﬁcity, and eliminates curva-
ture effects. Data were collected over 50 cycles after reaching
steady state, which typically happened between cycle 50 and 150
for these small contacts. The test length was just long enough to
ensure steady-state, which minimized the potential for surface
damage and its effect on friction.
Statistical analysis
The effective friction coefﬁcient, effective contact modulus, and
ﬂuid load fraction, were correlated to each tested material property
(Ec0, Et, and k) and the combinations appearing in Eq. (1) (Et/Ec0 and
Ec0$k) to explore the relationships between material and functional
properties. The model type chosen for the ﬁt reﬂects visual trends
that emerged after plotting the variables; a linear ﬁt was used if no
trend was obvious.
Samples from a single joint/animal were treated dependently25.
For example,when comparing the lateral compartment to themedial
compartment, the average of themeasurements fromall 10 locations
within the lateral compartment of a single joint were averaged, and
this average was treated as one single independent observation out
ofN¼ 10 total observations. One-wayanalyses of variance (ANOVA's)
(P < 0.05) were run to test whether freezing, refrigeration and
location signiﬁcantly affected material and tribological properties.
When a signiﬁcant difference was detected a TukeyeKramer post-
hoc test was conducted to determine signiﬁcantly different pairs.
Results
Neither freezing (80C, <2 months) nor refrigerated storage
time (2C, 0e5 days) had a statistically signiﬁcant effect on thetribological or material properties of the cartilage; results are
provided in Table I.
The results from all 200 samples from N ¼ 10 bovine stiﬂe joints
are provided in Table II. Overall, cartilage from N ¼ 10 bovine stiﬂes
had an equilibrium contact modulus of Ec0 ¼ 0.62 ± 0.10 MPa, a
tensile modulus of Et ¼ 4.3 ± 0.7 MPa, and a permeability of
k ¼ 2.8 ± 0.9  103 mm4/Ns. Under physiologically consistent
tribological conditions (MCA, Pe >> 1) the effective friction coefﬁ-
cient under PBS lubrication was meff ¼ 0.024 ± 0.004, the effective
contact modulus was Ec ¼ 3.9 ± 0.7 MPa and the ﬂuid load fraction
was F0 ¼ 0.81 ± 0.03.
Correlation between functional and material properties
Each functional property correlated best to a tensile property
(either tensile modulus or modulus ratio) as shown in Fig. 4. The
friction coefﬁcient was the most difﬁcult functional property to
predict based on material properties (R2 ¼ 0.354); generally, fric-
tion decreased with increased tensile modulus. The effective con-
tact modulus, when ﬁt to a linear function of the tensile modulus,
produced R2 ¼ 0.810. The ﬂuid load fraction, when ﬁt to a logistical
function of the modulus ratio, produced R2 ¼ 0.831.
The best correlations to a property or combination of properties
not including tensile modulus are shown in the bottom row of
Fig. 4. The effective contact modulus was best ﬁt to a non-tensile
property with a power law ﬁt to permeability producing
R2 ¼ 0.54; otherwise, permeability and aggregate modulus were
relatively poor predictors of tribological function.
Medial vs lateral
The comparison of tribological and material properties between
the medial and lateral regions is shown in Table II. The cartilage in
the lateral compartment uniformly produced more favorable
average tribological and material properties, although differences
were not statistically signiﬁcantly.
Femoral vs tibial
The cartilage samples of the femoral condyles consistently and
signiﬁcantly outperformed those of the tibial plateau (Fig. 5). With
meff ¼ 0.021 ± 0.004, Ec ¼ 4.9 ± 1.0 MPa, and F0max ¼ 0.83 ± 0.03 the
femoral condyles exhibited superior functional properties
although only the difference between the effective contact moduli
were statistically signiﬁcant. Differences in each material property
showed statistical signiﬁcance. The equilibrium modulus and
tensile modulus of femoral cartilage were 60% and 50% greater
Table I
Sample means ± standard deviations for different storage conditions. P-values for each comparison are listed. Storage conditions did not present any signiﬁcant differences,
P > 0.05
Sample size (N¼) Tribological properties Material properties
Effective friction
coefﬁcient
Effective contact
modulus (MPa)
Fluid load
fraction
Equilibrium contact
modulus (MPa)
Permeability
(103 mm4/Ns)
Tensile
modulus (MPa)
Fresh (100) 0.025 ± 0.014 4.0 ± 2.6 0.81 ± 0.09 0.62 ± 0.37 2.5 ± 1.8 4.1 ± 2.2
Frozen (100) 0.022 ± 0.010 3.8 ± 2.4 0.81 ± 0.09 0.63 ± 0.40 3.1 ± 4.0 4.5 ± 2.4
P value 0.7383 0.4481 0.4761 0.9662 0.1415 0.5332
Day 0 (25) 0.021 ± 0.009 4.1 ± 2.8 0.84 ± 0.06 0.62 ± 0.40 2.9 ± 3.2 4.4 ± 2.4
Day 1 (66) 0.023 ± 0.009 4.1 ± 2.7 0.81 ± 0.10 0.65 ± 0.40 3.1 ± 4.5 4.4 ± 2.6
Day 2 (63) 0.026 ± 0.017 3.7 ± 2.2 0.80 ± 0.10 0.63 ± 0.37 2.9 ± 2.0 4.1 ± 2.1
Day 3 (26) 0.024 ± 0.012 3.9 ± 2.5 0.81 ± 0.08 0.65 ± 0.37 2.2 ± 1.4 4.4 ± 2.4
Day 4 (10) 0.022 ± 0.006 3.5 ± 3.7 0.82 ± 0.11 0.45 ± 0.41 2.4 ± 1.4 4.1 ± 3.1
Day 5 (10) 0.020 ± 0.003 3.4 ± 2.2 0.84 ± 0.06 0.51 ± 0.29 2.4 ± 1.8 4.0 ± 1.7
P value 0.0586 0.2810 0.6733 0.1175 0.7940 0.3394
Table II
Regional means ± standard deviations for N ¼ 10 joints. P-values for each comparison are listed. Signiﬁcantly different pairs are indicated by dissimilar letters. A signiﬁcant
difference is deﬁned as P < 0.05
Spatial region (N ¼ 10) Tribological properties Material properties
Effective friction
coefﬁcient
Effective contact
modulus (MPa)
Fluid load
fraction
Equilibrium contact
modulus (MPa)
Permeability
(103 mm4/Ns)
Tensile
modulus (MPa)
All samples 0.024 ± 0.004 3.9 ± 0.7 0.81 ± 0.03 0.62 ± 0.10 2.8 ± 0.9 4.3 ± 0.7
Medial 0.025 ± 0.006 3.6 ± 1.2 0.80 ± 0.04 0.60 ± 0.19 3.4 ± 1.7 3.8 ± 1.3
Lateral 0.022 ± 0.004 4.2 ± 0.6 0.82 ± 0.03 0.65 ± 0.11 2.3 ± 0.2 4.7 ± 0.9
P value 0.3581 0.1688 0.1507 0.5145 0.0586 0.1051
Femoral 0.021 ± 0.004 4.9 ± 1.0 A 0.83 ± 0.03 0.77 ± 0.14 A 1.9 ± 0.6 A 5.2 ± 0.9 A
Tibial 0.026 ± 0.005 2.9 ± 0.9 B 0.79 ± 0.03 0.48 ± 0.14 B 3.8 ± 1.3 B 3.4 ± 1.0 B
P value 0.1789 0.0142 0.5189 0.0052 0.0064 0.0427
Femoral C 0.020 ± 0.005 A 5.9 ± 1.1 A 0.85 ± 0.03 A 0.88 ± 0.21 A 1.5 ± 0.4 A 6.0 ± 1.0 A
Femoral O 0.021 ± 0.003 A 3.6 ± 0.9 B 0.85 ± 0.03 A 0.55 ± 0.19 B 2.6 ± 1.2 A 4.2 ± 1.0 B
Femoral I 0.022 ± 0.004 A 3.1 ± 1.6 B,C 0.77 ± 0.05 B 0.66 ± 0.26 A,B 2.2 ± 1.4 A 3.6 ± 1.7 B
Tibial S 0.024 ± 0.008 A,B 3.5 ± 0.9 B 0.85 ± 0.02 A 0.50 ± 0.10 B 2.7 ± 0.6 A 4.2 ± 0.8 B
Tibial U 0.030 ± 0.007 B 2.1 ± 0.6 C 0.70 ± 0.06 C 0.46 ± 0.14 B 5.3 ± 2.5 B 2.1 ± 0.8 C
P value 0.0039 0.0001 0.0001 0.0001 0.0001 0.0001
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permeability of femoral cartilage (1.9 ± 0.6  103 mm4/Ns) was
half that of the tibial cartilage. It is also worth noting that the
femoral cartilage exhibited far lower variability in permeability
with the standard deviation being roughly half that of tibial
cartilage.Fig. 4. Correlations between the functional performance and material properties for bovin
efﬁcient (Left), effective contact modulus (Center) and ﬂuid load fraction (Right). The Top
contains the best overall correlation for each functional metric against Ec0, k, and Ec0$k.Variations due to differences in local contact
Despite the relatively weak correlations between functional and
material properties overall (Fig. 4), the mean values in Fig. 6 show
clear evidence that each functional metric is strongly related to
each material property. In general, tribological functionalitye articular cartilage. The functional properties of interest are the effective friction co-
row contains the best overall correlation for each functional metric. The Bottom row
Fig. 5. Comparisons of the tribological and material properties for the femoral condyles and tibial plateaus of the bovine stiﬂe joint. Error bars represent 95% conﬁdence intervals.
Signiﬁcant differences are indicated by dissimilar letters, P < 0.05.
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ﬂuid load support) increases with increasing equilibrium contact
modulus, decreasing permeability, and increasing tensile modulus.
The differences in mean values between the groups were sta-
tistically signiﬁcant in many cases. The central femoral and uncov-
ered tibial regions were the best and worst performers, respectively,
and were statistically different with P < 0.005 for each metric. The
effective friction coefﬁcient of uncovered tibial cartilage was 50%
higher than that of central femoral cartilage (0.030 vs 0.020). In
addition, the mean effective contact modulus and ﬂuid load fraction
of the central femoral region were 180% and 20% greater than those
of the uncovered tibial region, respectively. The difference inFig. 6. Comparisons of the tribological and material properties for the femoral central (C), o
joint. Error bars represent 95% conﬁdence intervals. Signiﬁcant differences are indicated bymaterial properties between these two regions were of comparable
magnitude; the equilibrium and tensile moduli of the central
femoral cartilage were 90% and 185% greater, respectively, than
those of the uncovered tibial region. The mean permeability of the
uncovered tibial cartilage was 350% larger than that of the central
femoral region; the standard deviation was 600% larger in the un-
covered region. Despite signiﬁcant differences in individual prop-
erties, only the uncovered tibial region had a signiﬁcantly different
product Ec0$k, the parameter governing thematerial's time constant.
The outer femoral cartilage and the shielded tibial cartilage, the only
regions in the study that are continuallymated against themeniscus,
were statistically indistinguishable in every metric.uter (O), inner (I), and tibial shielded (S) and uncovered (U) regions of the bovine stiﬂe
dissimilar letters, P < 0.05.
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Mean properties of the bovine stiﬂe joint
A new high spatial-resolution method was used here to char-
acterize thewell-studiedmaterial properties and less well-studied
tribological properties of bovine articular cartilage to determine
whether varied mechanical conditions within the joint create
different material populations. The primary limitation of the study
is that it uses an untested Hertzian contact model to characterize
biphasic properties. While validation is outside the scope of this
paper, comparison against existing results helps establish credi-
bility. A second limitation is the reporting of the equilibrium
contact modulus, Ec0 ¼ Ey/(1n2), of cartilage, which, like the
aggregate modulus, depends on two independent material prop-
erties. Early studies using linear biphasic theory report values
upward of n ¼ 0.318,26. However, these results in many cases are
now known to be artifacts of model linearity20; these values
reﬂect the use of Poisson's ratio to account for phenomena driven
by tension-compression non-linearity, not the Poisson effect.
More recent and direct measurements indicate that n ~ 0.0420,27,28
in the directions relevant to this study. This value is close enough
to zero to neglect differences between Ec0, aggregate modulus: Ha,
and equilibrium Young's modulus: Ey.
The values of Ec0 ¼ 0.62 ± 0.10 MPa reported here are consistent
with published results for hyaline cartilage, which typically range
from Ha ¼ 0.55e0.90 MPa from a variety of joints and spe-
cies12,18,26e31. The permeability measurements reported here were
2.8 ± 0.9  103 mm4/(Ns) for the whole population. These values
fall in the middle of the reported values of permeability
which range between k ¼ 0.4  103 mm4/(Ns) and
7.6 103 mm4/(Ns)12,18,20,26,29e32. The permeability can vary by an
ordermagnitude due to variations in effective strain30 and reported
differences are at least partially attributable to experimental dif-
ferences, particularly the magnitude of interstitial pressure. The
tensile moduli from this study (4.3 ± 0.7 MPa) are similarly aligned
with those from the literature, which range from 3.5 to
14 MPa5,20,29,33. The mean values reported here are on the low end,
which likely reﬂects the fact that the measurements occur toward
the nonlinear ‘toe’ of the stressestrain curve.
This study also revealed statistics for the tribological response of
bovine cartilage. The friction coefﬁcient is not a material property
but an interface property that involves the nature of both con-
tacting surfaces and the lubricant34. The steel-on-cartilage conﬁg-
uration used here was decidedly non-physiological, but necessary
to eliminate a second cartilage sample as a variable. As Caligaris and
Ateshian showed, the friction coefﬁcient of a rigid sphere on
cartilage is quantitatively similar to that of self-mated cartilage22.
The use of PBS as the lubricant detracted further from physiological
relevance but was important to eliminate synovial ﬂuid variability
from the measurements. Our own unpublished measurements and
those from Caligaris and Ateshian have failed to detect statistical
differences22 when using PBS in place of synovial ﬂuid, most likely
because the bound species responsible for boundary lubrication in
the joint remain strongly adhered under the mild conditions of
relatively brief MCA testing.
Caligaris and Ateshian report similar friction statistics for the
tibial plateau using MCA glass on cartilage with PBS lubricant
(meff ¼ 0.024 ± 0.010 vs 0.026 ± 0.005); this suggests general
agreement between measurement approaches, consistency among
different populations of bovine subjects, and a lack of effect from
the probematerial (glass and stainless are expected to be effectively
inert in this environment). The ﬂuid load fraction values reported
here are consistent with our prior measurements of ﬂuid load
support11,16 and published ratios of the effective and equilibriumfriction coefﬁcients22,35,36. The effective contact modulus was
Ec ¼ 3.9 ± 0.7 MPa for the whole joint and is a measure of the tis-
sue's capacity for load support (force per area) in Hertzian contact.
The distribution of cartilage properties
This study revealed signiﬁcant differences across the bovine
stiﬂe. While there were no statistically signiﬁcant differences be-
tween the material and functional properties of medial and lateral
compartments it is worth noting that every property measured for
the lateral compartment was superior to the corresponding mea-
surement for the medial compartment, which carries most of the
joint load37. The more obvious differences were observed between
the femoral condyle and the tibial plateau. The tribological prop-
erties of the femoral condyles were uniformly superior to those of
the tibial plateau. The favorable tribological properties are accom-
panied by increased equilibrium modulus (60%), increased tensile
modulus (50%) and decreased permeability (50%).
In general, the results from the entire data set reﬂected the
theoretical propertyefunction relationships16. For example, the
ﬂuid load fraction is theoretically a sigmoidal function of the
modulus ratio and it can be shown that the effective contact
modulus depends linearly on tensile modulus. The correlations are
imperfect because (1) each tribological property depends on mul-
tiple material properties that aren't perfectly coupled and (2) some
properties affect tribological functionmore directly than others. For
example, because the second term of Eq. (1) is very close to 1
(Pe >> 1), ﬂuid load support is more sensitive to the modulus ratio
than other properties.
These differences in tribological and material properties have
interesting implications for OA. Firstly, the medial compartment
tends to be more prone to OA, which is consistent with the added
load and less favorable properties. Secondly, Bendele and coworkers
consistently ﬁnd ﬁbrillation of the tibial cartilage almost immedi-
ately following medial meniscus tear surgery with no evidence of
damage on the mating femoral cartilage despite the fact that the
tissues experience the same interface conditions3. This observation
and the trends from this study suggest that femoral cartilage is
better equipped than tibial cartilage for tribological contact.
Although we have demonstrated differences in the cartilage
properties in the joint, it is unclear howsigniﬁcant those differences
are in the context of joint disease. Prior studies provide the frame-
worknecessary to interpret this signiﬁcance. Kempson, for example,
has shown that the superﬁcial zone of human articular cartilage
reaches a peak tensile strength near age 25 and decreases by 75% at
age 9038. Such changes in tensile modulus have been mainly asso-
ciatedwith changes in the superﬁcial zone, the zone that dominates
the tribological response39. Akizuki et al. reported that ﬁbrillation
decreases the mean tensile modulus of human articular cartilage
5.6 MPa to 4.5 MPa; with osteoarthritic tissue, the tensile modulus
decreases to 1.8 MPa5. Interestingly, they found that cartilage from
low-weight bearing regions had higher tensile moduli than carti-
lage from high weight bearing regions, which is consistent with
differences observed here between the lateral and medial com-
partments aswell as between shielded anduncovered regions of the
tibial plateau. Elliott et al. found that OA caused bymeniscectomy in
a canine model caused a 40% decrease in tensile modulus33. Simi-
larly, Setton et al. found that ACL rupture in a caninemodel caused a
60% decrease in tensile modulus, a 20% decrease in the equilibrium
compression modulus, and a 50% increase in permeability40. In this
study, we found that the uncovered region of the tibial plateau was
65% less stiff in tension and 250% more permeable than the central
femoral condyle. These variations, being consistent with those
induced by OA, supports the hypothesis that altered loads can
initiate OA by causing contact at underprepared regions.
A.C. Moore, D.L. Burris / Osteoarthritis and Cartilage 23 (2015) 161e169168The results were inconsistent with our expectation that the
shielded region would exhibit poorer tribological and material
properties due a lack of exposure to sliding in a healthy joint.
Instead, the uncovered regions, which appear to be subjected to
continuous tribological contact in the healthy joint, exhibited far
worse performance by every metric; this observation is consistent
with tribological damage. Perhaps more alarmingly, this region had
signiﬁcantly increased variability and was therefore much more
likely to exhibit very poor properties. These results combined with
Bendele's observation that OA initiates in the thinner, stiffer,
covered region following meniscectomy3 suggests that damage is
favored in the regionwith more favorable material and tribological
properties. In this case, we believe initiation is driven by stresses
not properties. With the meniscus removed, contact stresses would
be much higher in these stiffer thinner areas, especially relative to
those in the healthy joint.
Bovine results have limited implications for human OA. How-
ever, these differences in regional properties are almost certainly
driven by the same fundamental biological processes that govern
tissue development in other animal joints. This suggests that the
results are generally applicable and can be cautiously extrapolated
to the human knee. Although the results support the hypothesis
that overloading of underprepared regions causes damage, it re-
mains unclear whether differences in strength, tribological
response to sliding contact, or cellular sensitivity to tribological
stresses dominate a region's tolerance to damage. It is clear, how-
ever, that (1) different regions do have different damage tolerance,
(2) OA causes signiﬁcant changes in material properties, (3) regions
of the healthy tibial plateau have properties comparable to those of
osteoarthritic cartilage, (4) those regions also suffer deﬁcits in
tribological performance that can increase shear stresses and
initiate OA by mechanical failure, biochemical degradation, or a
combination of the two.Contributions
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